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SELEK CALIBRATING REGISTER FOR
SOURCE SYNCHRONOUS CLOCKING
SYSTEMS

FIELD OF THE INVENTION

The present invention relates generally to source synchro-
nous 1nput/output systems and, more particularly, to tech-
niques for increasing the bandwidth of such systems.

BACKGROUND OF THE INVENTION

A key parameter in limiting the performance of modern
computer and network systems 1s the speed at which data
can be reliably transferred between system components. As
these systems become faster and faster, 1t becomes more and
more important to increase input/output (I/O) rates. The
particular techniques used to address this 1ssue depend in
large part upon the transmission scheme.

In one such scheme, source synchronous 1/O for parallel
bus systems, data rates can be greatly increased when source
clock and source data have a fixed, known relationship to
cach other. In source synchronous I/O systems, the clock
signal generated in the transmitting device 1s sent to the
receiving device along with the data signal. The data signal
1s transmitted 1n synchronization with the clock and histori-
cally was only allowed to transition on either the rising or
falling edge of the clock. However, in the more recently
developed double data rate (DDR) systems, one bit of data
1s transmitted on each rising edge of the clock and one bit on
cach falling edge.

Inherent fixed system mismatches, such as board trace
length differences, package trace length differences, on-chip
clock routing differences, clock skew, etc. are generally
minimized in an attempt to increase I/0 data rates. However,
in these parallel transmission systems some fixed mismatch
always remains between the various input/output parallel
paths with an associated limit 1n attainable data rates. In
addition, processing variations can cause changes 1n clock
fiming, data bit transition levels, and other rate related
parameters.

Other time variant mismatches can also occur. These
mismatches might be caused by environmental changes,
device parameter drifts, as well as other causes. One par-
ficularly important environmental parameter for which a
change could result 1n additional timing mismatches, device
parameter shifts, and other changes 1s temperature. Supply
voltage differences from system to system, between trans-
mitting and receiving device, between receiving devices, as
well as shifts over time can also result in mismatches.
Degradation of device parameters, as for example MOSFET
threshold voltage, which can occur over time can also result
In mismatches by causing various switching devices to
transition at different signal levels. These 1tems can result 1n
further small phase shifts of the received data signal with
respect to the clock signal with subsequent decrease 1n data
transmission rate. The reduction in reliable data transmis-
sion rate 1s due to the fact that the switching rate must permit
the bit values on all bit-lines to reach stable values during
cach half clock cycle.

Thus, there 1s a need for a device which increases source

synchronous I/O data rates by counteracting the inherent
sources of system mismatches.

SUMMARY OF THE INVENTION

In representative embodiments, self calibrating registers
which can increase source synchronous input/output (I/0O)
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data rates by counteracting the inherent systematic sources
of system mismatch are disclosed. Systematic sources of
system mismatch between bit-line paths and devices, as for
example printed circuit board path lengths, package trace
lengths, on-chip clock routing, clock skew, device turn-on
voltages, etc. are balanced out with respect to a reference
clock signal by controlled delays of the data signals. Earlier
techniques for reducing these mismatches have done so
during the design stage and have had only limited success.

Embodiments disclosed herein disclose techniques
whereby appropriate delays are obtained via phase shift
detection circuitry and are then applied interactively by
control circuitry to signal delay circuitry. Thus as 1s dem-
onstrated herein, those delays which are difficult or 1mpos-
sible to design out can be compensated for following fab-
rication.

Calibration of the register 1s typically occurs at start-up.
Additional re-calibration can be scheduled at other times to
compensate for time dependent variations as, for example,
caused by temperature changes.

Other aspects and advantages of the present invention will
become apparent from the following detailed description,
taken 1n conjunction with the accompanying drawings,
illustrating by way of example the principles of the inven-
tion.

BRIEF DESCRIPTION OF THE DRAWINGS

The accompanying drawings provide visual representa-
tions which will be used to more fully describe the mnvention
and can be used by those skilled mn the art to better
understand it and its inherent advantages. In these drawings,
like reference numerals identify corresponding elements
and:

FIG. 1 1s a drawing of a first and second clock-delay
circuits as described 1n various representative embodiments
of the present patent document.

FIG. 2 1s a drawing of timing diagrams for the clock-delay
circuits as described 1n various representative embodiments
of the present patent document.

FIG. 3 1s a drawing of a register as described 1n various
representative embodiments of the present patent document.

FIG. 4 1s a drawing of timing diagrams for the clock signal
and the delayed data signal as described 1n various repre-
sentative embodiments of the present patent document.

FIG. 5 1s another drawing of the register as described 1n
various representative embodiments of the present patent
document.

FIG. 6 1s a drawing of timing diagrams for the register as
described 1n various representative embodiments of the
present patent document.

DETAILED DESCRIPTION OF THE
PREFERRED EMBODIMENTS

As shown 1n the drawings for purposes of illustration, the
present patent document relates to a novel device for
increasing source synchronous input/output (I/0) data rates
by counteracting the inherent systematic sources of system
mismatch. Previous techniques for counteracting such mis-
matches have relied upon designing the system such that
differences between bit-line paths and devices are kept to a
minimum. Particular attention has been paid to matching
items such as printed circuit board path lengths, package
trace length differences, on-chip clock routing differences,
clock skew, device turn-on voltages, etc. In spite of this care
in design, variations in these characteristics still exist in
actual applications.
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In the following detailed description and in the several
figures of the drawings, like elements are identified with like
reference numerals.

1. Overview:

In representative embodiments, a self calibrating setup
and hold circuit for use 1 source synchronous I/O systems
1s disclosed. Delays are introduced into the clock signal
obtained from the data source and into the data signal for
cach data bit receiver. Inherent fixed system mismatches,
such as board trace length differences, package trace length
differences, on-chip clock routing differences, clock skew,
parameter variations due to processing, etc. are first cali-
brated out. Other mismatches due to operational changes, as
for example temperature and voltage, can also be calibrated
out of the system by periodic re-calibration. Calibration is
ciiected by first detecting the phase difference between clock
and data signals. The delay on the data signal 1s interactively
changed to null out the phase difference.

2. Clock Delay:

FIG. 1 1s a drawing of a first and second clock-delay
circuits 109,105 as described in various representative
embodiments of the present patent document. The {irst
clock-delay circuit 109 receives a source clock signal 108
and outputs a reference clock signal 110. The second clock-
delay circuit 105 receives the reference clock signal 110 and
outputs a delayed clock signal 115. In typical applications,
the delayed clock signal 115 1s delayed by one-quarter of the
clock period with respect to the reference clock signal 110.
The delay of the reference clock signal 110 with respect to
the source clock signal 108 will be discussed 1n the follow-
Ing.

FIG. 2 1s a drawing of timing diagrams for the clock-delay
circuits 109,105 as described in various representative
embodiments of the present patent document. Shown 1n the
top diagram of FIG. 2 1s the source clock signal 108 plotted
on the vertical axis vs. time on the horizontal axis. A cycle
of the source clock signal 108 starts at time t,, with a
transition from 1its low value to 1ts high value, transitions
back to its low value at time t.,,, and ends 1ts cycle at time
. just at the next transition of the source clock signal 108
from 1ts low value to 1ts high value. The source clock signal
108 referred to 1s the clock signal generated elsewhere, as
for example 1n the source or transmitting device, but as
received by the first clock-delay circuit 109.

Shown 1n the middle diagram of FIG. 2 1s the reference
clock signal 110 plotted on the vertical axis vs. time on the
horizontal axis. The source clock signal 108 1s delayed a first
clock delay time 121 by the first clock-delay circuit 109 to
obtain the reference clock signal 110. A cycle of the refer-
ence clock signal 110 starts at time t,, with a transition from
its low value to 1ts high value, transitions back to its low
value at time t,,,, and ends 1ts cycle at time t,. just at the
next transition of the reference clock signal 110 from its low
value to 1ts high value.

Shown 1n the lower diagram of FIG. 2 1s the delayed clock
signal 115 plotted on the vertical axis vs. time on the
horizontal axis. The reference clock signal 110 1s delayed a
second clock delay time 120, also referred to herein as a
second delay time 120, by the second clock-delay circuit 105
to obtain the delayed clock signal 115. As previously stated,
for typical applications the delayed clock signal 115 1is
delayed by one-quarter of the clock period with respect to
the reference clock signal 110. One cycle of the delayed
clock signal 115 starts at time (t.,+t.,) with a transition
from 1ts low value to its high value, transitions back to its
low value at time (tg,,+t-5), and ends its cycle at time
(tez+t-p) Just at the next transition of the reference clock
signal 110 from its low value to its high value.
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3. Calibration:

FIG. 3 1s a drawing of a register 100 as described 1n
various representative embodiments of the present patent
document. In FIG. 3, the register 100 comprises a delay
circuit 125, a register cell 130, a phase detector 135, and a
controller 140. The delay circuit 125 receives a data signal
145 and outputs a delayed data signal 150. The register cell
130 receives the delayed data signal 150 and the delayed
clock signal 115. Transition from one data state to another in
the register cell 130 1s enabled at the leading and trailing
transitions of the delayed clock signal 115 which, once
again, occurs at times (tgo+t-p) and (tgy+t-p). At times
(teo+t-p) and (t4,,+t-5) the delayed data signal 115 repre-
sents a relatively solid value as it 1s not near 1ts transition
times.

The phase detector 1335 receives the reference clock signal
110 and the delayed data signal 150. The phase detector 135
detects the phase difference between these two signals and
outputs the difference as a phase shift signal 155 to the
controller 140. The controller 140 receives the phase shaft
signal 155. In turn, the controller 140 outputs a control
signal 160 to the delay circuit 125 which instructs the delay
circuit 125 to incrementally increase or decrease the time
which the data signal 145 1s delayed in transiting the delay
circuit 125. This incremental change 1s made 1n order to
reduce the phase shift between the reference clock signal
110 and the delayed data signal 150.

FIG. 4 1s a drawing of timing diagrams for the reference
clock signal 110 and the delayed data signal 150 as described
1In various representative embodiments of the present patent
document. Shown 1n the top diagram of FIG. 4 is the
reference clock signal 110 plotted on the vertical axis vs.
fime on the horizontal axis. As previously described, one
cycle of the reference clock signal 110 starts at time t,, with
a transition from 1its low value to 1ts high value, transitions
back to 1ts low value at time t,,, and ends its cycle at time
-z Just at the next transition of the reference clock signal
110 from 1ts low value to its high value. Shown 1n the middle
diagram of FIG. 4 1s the data signal 145 plotted on the
vertical axis vs. time on the horizontal axis. Shown 1n the
lower diagram of FIG. 4 1s the delayed data signal 150
plotted on the vertical axis vs. time on the horizontal axis.
One cycle of the data signal 145 starts at a first delay time
165 before or after a transition edge of the reference clock
signal 110. During the calibration phase, the controller 140
in conjunction with the phase detector 135 iteratively adjusts
the delay circuit 125 until the delayed data signal 150 and
the reference clock signal 110 are edge aligned as shown 1n
FIG. 4.

Each bit-line of the parallel bus implementation 1s repli-
cated by the number of bits to be transmitted 1n one data
cycle and therefore received in parallel. The calibration
process confinues iteratively through a number of clock
cycles until all controllers 140 contain a proper calibration
control value indicating that the reference clock signal 110
and delayed data signals 150 are edge aligned at their
associated phase detectors 135.

4. Operating Configuration:

FIG. 5 1s another drawing of the register 100 as described
1In various representative embodiments of the present patent
document. In FIG. 5 which represents the operating con-
figuration following calibration, the register 100 comprises
the delay circuit 125 and the register cell 130. The delay
circuit 125 receives the data signal 145 and outputs the
delayed data signal 150, wherein the delayed data signal 150
1s the data signal 145 delayed by a time period equal to the
first delay time 165. The register cell 130 receives the
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delayed data signal 150 and the delayed clock signal 1135.
The delayed clock signal 115 1s obtained by delaying the
reference clock signal 110 by the second delay time 120 as
indicated 1n FIGS. 1 and 2. The delay circuit 125 delays the
data signal 145 by the first clock delay time 121 such that the
reference clock signal 110 and the delayed data signal 150
are edge aligned. The delay of the reference clock signal 110
with respect to the source clock signal 108 1s set to allow this
edge alignment to occur. As previously stated, each bit-line
of the parallel bus implementation 1s replicated by a number
equal to the number of bits to be transmitted and therefore
received 1n parallel.

FIG. 6 1s a drawing of timing diagrams for the register 100
as described 1n various representative embodiments of the
present patent document. In FIG. 6, the top diagram shows
the reference clock signal 110 plotted on the vertical axis vs.
fime on the horizontal axis. One cycle of the reference clock
signal 110 starts at time t,, with a transition from 1its low
value to 1ts high value, transitions back to its low value at
fime t,,,, and ends 1ts cycle at time t5, just at the repeat of
the transition from its low value to its high value. In the
example of FIG. 6, it has been assumed, for illustrative
purposes, that the reference clock signal 110, as shown 1n the
top diagram of FIG. 6, and the data signal 145, as shown 1n
the first diagram below the top diagram of FIG. 6, experi-
ence different delays 1n arriving at the register 100 and that
the delay circuit 125 introduces the first delay time 165 1nto
the system. The delayed data signal 150 then 1s edge aligned
with the reference clock signal 110 as shown by the top
diagram of FIG. 6 and by the second diagram below the top
diagram 1n FIG. 6. The data signal 145, as does the delayed
data signal 150, comprises two bits of data during the one
clock cycle shown which for this example 1s a one as
indicated by the high value between t5, and t,,, and a zero
as 1mdicated by the low value between t,,, and t,.. The
bottom diagram shows the delayed clock signal 115 plotted
on the vertical axis vs. time on the horizontal axis. For this
typical application, the second delay time 120 1s equal to
one-quarter of the clock period (trz—tzy). So, the delayed
clock signal 115 1s the same as the reference clock signal 110
delayed by one-quarter of the clock period. Transition from
one data state to another in the register cell 130 1s enabled
at the leading and trailing transitions of the delayed clock
signal 115 which occurs at times (tgo+t-p) and (te,+t-p). At
fimes t, and t, the delayed data signal 115 1s sufficiently
removed 1n time from its transition times that the delayed
data signal 115 1s a relatively solid value for the register cell
130 to detect.

5. Concluding Remarks:

As 1s the case, 1n many data-processing products, the
register 100 may be implemented in hardware using a
variety of known methods and processes. In addition, the
register 100 can be implemented as a single register latching
on both edges of the delayed clock signal 115 or as two
registers with one latching on the rising edge and one on the
falling edge of the delayed clock signal 115. Moreover, the
controller 140 can be 1implemented by a variety of known
methods, using analog and/or digital components. In
addition, the delay circuit 125 can also be implemented
using a number of known methods and using both analog
and/or digital components while employing one or more
stages of delay. The 1invention 1s not limited to the techniques
of the double data rate applications as described in the
representative embodiments disclosed herein. Techniques
describe herein can be used with single data rate applications
and with applications having multiple values encoded onto
the single data lines among others.
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A primary advantage of the embodiment as described 1n
the present patent document over prior registers 100 1n
source synchronous I/0O for parallel bus systems 1s that data
rates can be greatly increased. In these parallel transmission
systems some fixed mismatch always remains between the
various 1nput/output parallel paths with an associated limit
in attainable data rates due to variations in board trace length
differences, package trace length differences, on-chip clock
routing differences, clock skew, and the like. In addition,
processing variations can cause changes in clock timing,
data bit transition levels, and other rate related parameters all
of which slow the rate at which data can be reliably
transmitted. In representative embodiments, the present
patent document discloses self calibrating register 100
which 1s capable of adjusting out these time differences.

While the present invention has been described 1n detail
in relation to preferred embodiments thereof, the described
embodiments have been presented by way of example and
not by way of limitation. It will be understood by those
skilled in the art that various changes maybe made 1n the
form and details of the described embodiments resulting in
equivalent embodiments that remain within the scope of the
appended claims.

What 1s claimed is:

1. A register for storing data, which comprises:

a delay circuit, wherein the delay circuit 1s configured to
receive a data signal, and to transmit a delayed data
signal and wherein the delayed data signal 1s the data
signal delayed by a first delay time; and

a register cell, wherein the register cell 1s configured to
receive the delayed data signal transmitted by the delay
circuit and a delayed clock signal, wherein the delayed
clock signal 1s obtained by delaying a reference clock
signal by a second delay time, and wherein the register
cell 1s configured to store the delayed data signal upon
enablement by the delayed clock signal.

2. The register as recited 1n claim 1, wherein the second
delay time 1s substantially equal to one-quarter of the clock
per1od.

3. The register as recited 1n claim 1, wherein the register
1s configured to operate 1n a source synchronous parallel bus
system.

4. The register as recited 1n claim 1, further comprising;:

a controller, wherein the controller 1s configured to pro-
oram the first delay time into the delay circuit via a
control signal.

5. The register as recited 1n claim 4, wherein the second
time delay 1s substantially equal to one-quarter of the clock
period.

6. The register as recited 1n claim 4, wherein the register
1s configured to operate 1n a source synchronous parallel bus
system.

7. The register as recited 1n claim 1, further comprising;:

a phase detector, wherein the phase detector 1s configured
to receive the reference clock signal and the delayed
data signal, wherein the phase detector 1s configured to
output a phase shift signal, and wherein the phase shift
signal comprises information regarding the phase dif-
ference between the reference clock signal and the
delayed data signal; and

a controller, wherein the controller 1s configured to
receive the phase shift signal from the phase detector,
wherein the controller 1s configured to output a control
signal, wherein the delay circuit i1s configured to
receive the control signal, and wherein the delay circuit
1s configured so that the control signal adjusts the first
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delay time iteratively until the reference clock signal 9. The register as recited 1n claim 7, wherein the register
and the delayed data signal are edge aligned. 1s configured to operate 1n a source synchronous parallel bus
8. The register as recited in claim 7, wherein the second system.

fime delay 1s substantially equal to one-quarter of the clock
period. £ % % k¥
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